Site-directed incorporation of nonstandard amino acids (NSAA) to produce novel proteins *in vivo* has been the aim of many studies with potential applications for biomedical research, human health, and the biotechnology industry. To date, the methodology developed for this purpose relies on protein engineering efforts to generate orthogonal translation systems (OTS) that utilize reassigned stop codons.^[@ref1],[@ref2]^ Over 70 NSAA have been site-specifically inserted into proteins.^[@ref1]^ This was accomplished with a number of strategies including orthogonal tRNA:aminoacyl-tRNA synthetase pairs,^[@ref1]^ orthogonal ribosomes,^[@ref3]^ and more recently, elongation factor (EF-Tu) variants.^[@ref4]^ Recently we reported using a combination of these strategies to incorporate the natural NSAA phosphoserine (pSer).^[@ref4],[@ref5]^

Serine phosphorylation is among the most abundant posttranslational modifications in eukaryotic cells, and phosphorylated protein networks form the basis for regulating most physiological processes. The kinase component of the human genome is known, and tens of thousands of phosphorylation sites on human proteins are being identified.^[@ref6],[@ref7]^ However, the corresponding kinase responsible for protein phosphorylation is often not obvious from phosphoproteomics data alone. Genetically encoded phosphorylated amino acids would enable researchers to synthesize natural phosphoproteins without *a priori* knowledge of their natural posttranslational modification pathway.

Despite many advances in the field, cellular NSAA levels are not typically quantitatively measured in connection with OTS development. This lack of information leads to questions of whether new cotranslationally incorporated NSAA systems may be limited by NSAA bioavailability. Previously we established a pSer OTS without directly examining levels of pSer in the cell.^[@ref4],[@ref5]^ Questions about the levels of pSer in the cell and optimum OTS function were left unanswered. Here, we determined the intracellular levels of pSer in *E. coli* and explored the possibility of adding phosphothreonine (pThr) and phosphotyrosine (pTyr) to the intracellular amino acid pool. We accomplished this by developing a quantitative mass spectrometry (MS) assay enabling the quantitation of phosphorylated amino acid levels in *E. coli* extracts. We then used this method to show that media conditions combined with genomic and metabolomic engineering can elevate pSer to intracellular levels comparable to, or exceeding, other standard amino acids. These conditions improved cotranslational insertion of pSer *via* the pSer OTS. Furthermore, the same approaches yielded significant elevation of pThr and pTyr in the intracellular amino acid pool. The conditions reported here can be used as a starting point for further expansion of the genetic code with additional phosphorylated amino acids.

Results and Discussion {#sec2}
======================

Expanding the genetic code with any NSAA requires the expansion of the natural pool of free amino acids available for protein synthesis. It has been known for decades that *E. coli* can import NSAA from the media and even incorporate these new amino acids into proteins.^[@ref8]^ We were interested in understanding how phosphorylated NSAA levels would compare to the levels of standard amino acids in the cell. Recent metabolomics studies in *E. coli* have made quantitative surveys of hundreds of small molecules and metabolites, including amino acids.^[@ref9],[@ref10]^ However, naturally occurring phosphorylated amino acids, such as pSer, were not considered in these studies despite evidence that pSer is part of serine biosynthetic pathways in most cells.^[@ref11]−[@ref13]^ Mass spectrometry (MS) has increasingly become the method of choice for metabolomics, and new methods have recently been described for quantification of underivatized amino acids from cellular extracts and other complex matrices.^[@ref14]−[@ref16]^ We therefore sought to develop a method to quantitate pSer, pThr, pTyr, and standard amino acids from *E. coli* cellular extracts. For this purpose we developed a liquid chromatography tandem MS (LC--MS/MS) method on a triple quadrupole system for precise label-free quantitation using multiple reaction monitoring (MRM). This workflow offers high sensitivity, specificity, linear dynamic range, and throughput while multiplexing quantitation of amino acids from a single LC--MS/MS experiment.

We began our study by developing a method to extract amino acids from whole *E. coli* cells. Our extraction method allowed us to isolate amino acids while removing salts, lipids, and proteins (Figure [1](#fig1){ref-type="fig"}a). Cells lysis in 1 M HCl precipitated out many lipids and most proteins without degrading O-linked phosphorylated amino acids in the solution.^[@ref17]^ A chloroform extraction step subsequently removed the majority of the remaining lipids, thereby extending the lifetime of the HPLC column. Amino acids were directly analyzed by LC--MS/MS after a filtration step and normalized for the number of cells in the original cell culture. This method was validated with chemically pure amino acid standards that were spiked into cell extracts to validate efficient recovery. We next developed a MRM method to quantitate relative levels of pSer, pThr, pTyr, serine (Ser), threonine (Thr), tyrosine (Tyr), phenylalanine (Phe), lysine (Lys), histidine (His), and arginine (Arg) in our *E. coli* extracts. Direct infusion of 30 pmol/μL solutions of each pure amino acid standard into the MS was performed to identify specific transitions for each amino acid and to optimize collision energies for sensitive detection of the amino acids (see [Methods](#sec3){ref-type="other"}). On average, 5 product ions were observed for each singly charged amino acid precursor, and the most sensitive transitions (precursor and product ion pairs) for each amino acid were selected ([Supplementary Table 1](#notes-2){ref-type="notes"}). The optimized transitions were then used to develop our LC--MS/MS workflow, which included assigning specific retention times for each amino acid (Figure [1](#fig1){ref-type="fig"}a and [Supplementary Table 1](#notes-2){ref-type="notes"}). Most amino acids in the assay were chromatographically resolved (Figure [1](#fig1){ref-type="fig"}a and [Supplementary Table 1](#notes-2){ref-type="notes"}) except for moderate overlap of pSer with pThr peaks (0.68 and 0.74 min, respectively) and His, Lys, and Arg peaks (11.43, 11.43, and 11.77 min respectively). A dynamic MRM method with a total dwell time of 800 ms was used for monitoring at least 2 specific transitions for each amino acid. This resulted in at least 1 quantitative transition and 1--3 qualitative transitions for each amino acid ([Supplementary Table 1](#notes-2){ref-type="notes"}).

![LC--MS/MS analysis of phosphorylated amino acids. (A) Scheme showing the preparation of cell extracts for LC--MS/MS analysis. A typical chromatogram from an LC--MS/MS run of a 90 pmol amino acid standard is shown. Unique MRM transitions are plotted for the amino acids indicated above the individual peaks. (B) Representative calibration curve for pSer. Calibration curves for all analytes were acquired daily in duplicate, and calibration curves were obtained after applying a weighted (1/*x*) quadratic curve fit. The fitted calibration function for this curve was *y* = −5.095375*x*^2^ + 6398.390847*x* -- 673.466721, and the maximum % residual was 3.9. Experimentally determined lower and upper limits of quantitation for pSer, pThr, and pTyr are listed in the table.](cb-2014-000532_0003){#fig1}

The LC--MS/MS workflow was used to create calibration curves for each amino acid (Figure [1](#fig1){ref-type="fig"}b and [Supplementary Figures 1b and 2b](#notes-2){ref-type="notes"}). The calibration curve for pSer showed good linearity over a range of concentrations, with similar results for all three phosphorylated amino acids. Calibration curves were fit with a weighted (1/*x*) quadratic calibration curve ignoring the origin. The quality of the fit for assessing calibration curves was the maximum percent residual as calculated by MassHunter software. All of the amino acids in our study formed calibration curves that were linear up to 250 pmol and began to saturate by 500 pmol, with the exception of pThr, which was linear up to 500 pmol. We used our calibration curves to empirically determine a lower limit of detection (LLOD) and upper limit of detection (ULOD) for each amino acid (Figure [1](#fig1){ref-type="fig"}b and [Supplementary Table 2](#notes-2){ref-type="notes"}). The lower limit of quantitation (LLOQ) was established in the *E. coli* matrix assuming a minimum signal/noise ratio of 9:1 for each analyte peak. The upper limit of quantitation (ULOQ) was fixed at 500 pmol for all amino acids, providing good analytical sensitivity and dynamic range for detection of analytes. We used the individual amino acid standard curves and 3--5 replicate measurements from our *E. coli* extracts to estimate the relative amounts of amino acids in each sample. The measured levels for the standard amino acids were comparable to previous reports.^[@ref9],[@ref10]^

We first explored the steady-state levels of phosphorylated amino acids found in wild type *E. coli* K12 cells grown in rich Luria--Bertani media (LB) and low phosphate minimal media (LPM). Phosphate concentrations used in LPM were based on previous research conducted to induce the PHO regulon.^[@ref18]^ Wild type cells in minimal or rich media were generally devoid of phosphorylated amino acids, while standard amino acids levels were easily detected and showed similar concentrations (Figure [2](#fig2){ref-type="fig"}a). The one unexpected exception was pThr, which was present only in cells cultured in LB and was 10-fold less abundant than standard amino acids. To our knowledge there have been no previous reports of steady-state pools of pThr in any cell. We next tested whether supplementing the media with 5 mM concentration of each phosphorylated amino acid separately would elevate intracellular levels in a wild type background. Supplementing LB media with 5 mM pSer increases steady-state levels in the cell, but the detected concentration is well below the concentration of canonical amino acids (Figure [2](#fig2){ref-type="fig"}b). LPM supplemented with 5 mM pSer produced no detectable levels of pSer in the cell extracts but rather produced an increase in free Ser levels (Figure [2](#fig2){ref-type="fig"}b). This suggested an increase in phosphoserine phosphatase activity consistent with previous studies of *E. coli* cultured in low phosphate media.^[@ref19]^ A slightly more dramatic effect was observed with pThr supplementation. In LB, pThr levels were similar regardless of supplementation, yet in LPM, addition of 5 mM pThr caused a dramatic spike in Thr levels and suggested that, similar to pSer, a phosphate scavenging mechanism is induced and degrades pThr^[@ref19]^ (Figure [2](#fig2){ref-type="fig"}b). This mechanism also explains the depletion of the natural pThr pool in LPM without pThr supplementation (Figure [2](#fig2){ref-type="fig"}a). We next examined pTyr by supplementing LB with 5 mM pTyr and observed no detectable levels in the cell. In contrast, a dramatic increase in intracellular pTyr concentration was observed in cells cultured in LPM supplemented with 5 mM pTyr, even greater than pSer/pThr, proportionately (Figure [2](#fig2){ref-type="fig"}b). It is unclear why this might be the case; however, the increase in [l]{.smallcaps}-Ser and [l]{.smallcaps}-Thr levels after adding pSer and pThr, respectively, relative to [l]{.smallcaps}-Tyr might suggest that degradation is the main cause of this difference and not entry into the cell. The most striking effect was a 10-fold rise in Tyr levels after pTyr supplementation in LB (Figure [2](#fig2){ref-type="fig"}b). All three phosphoamino acids are very stable in both media after overnight culture (data not shown) suggesting that pTyr enters the cell and is degraded enzymatically or chemically by endogenous pathways. Further exploration is necessary to understand why pTyr is turned over in cells grown in LB but not in LPM. One possibility is that pTyr is less utilized than pSer/pThr in phosphate scavenging but is degraded for tyrosine scavenging when the cell is in rich media where Tyr is necessary for rapid growth. This suggests that there are divergent mechanisms for pTyr and pSer/pThr turnover in the cell with a previously unrecognized pathway for pTyr turnover in rich media with pThr-sparing properties.

![Quantitation of intracellular amino acids in *E. coli* extracts. (A) Measured amino acid quantities of select amino acids in K12 BW25113 WT *E. coli* grown in LPM (light gray) and LB (dark gray) media. (B) Relative amino acid concentrations of K12 BW25113 WT *E. coli* grown in LPM (light gray) and LB (dark gray) media compared to WT *E. coli* grown in LPM with 5 mM pSer (light blue), LB with 5 mM pSer (dark blue), LPM with 5 mM pThr (light violet), LB with 5 mM pThr (dark violet), LPM with 5 mM pTyr (light orange), and LB with 5 mM pTyr (dark orange). Error bars were calculated using the 95% confidence interval with *n* = 5.](cb-2014-000532_0004){#fig2}

Supplementing LB and LPM with phosphorylated amino acids showed that phosphatase activity may be a critical lynchpin to elevate intracellular levels of phosphorylated amino acids. We have previously shown that deletion of the *serB* gene is required for our system to genetically encode pSer.^[@ref4],[@ref5]^ However, we never directly measured the effect of *serB* deletion (Δ*serB*) on the steady-state levels of pSer in the cell. We therefore used our LC--MS/MS method to explore the effects of Δ*serB* on cellular levels of pSer, pThr, and pTyr. We observed a dramatic 10-fold increase in pSer levels in the Δ*serB* strain compared to wild type cells in LB media (Figure [3](#fig3){ref-type="fig"}a). The same experiment was repeated in LPM and showed an even greater 100-fold increase in pSer levels (Figure [3](#fig3){ref-type="fig"}a). These extreme increases were not influenced by supplementation with pSer and had no dramatic effects on the canonical amino acids monitored in our experiments (Figure [3](#fig3){ref-type="fig"}a,b). Thus, we showed that a mutation in the serine biosynthetic pathway had a more dramatic effect on increasing pSer than supplementing the media with this NSAA.

![Quantitation of intracellular amino acids in a Δ*serBE. coli* strain extracts. (A) Measured amino acid quantities of select amino acids in K12 BW25113 WT vs Δ*serBE. coli* grown in LPM media and LB media. (B) Measured amino acid quantities of Δ*serBE. coli* grown in LPM media (light gray), LB media (dark gray), LPM with 5 mM pSer (light blue), LB with 5 mM pSer (dark blue), LPM with 5 mM pThr (light violet), LB with 5 mM pThr (dark violet), LPM with 5 mM pTyr (light orange), and LB with 5 mM pTyr (dark orange). Error bars were calculated using the 95% confidence interval with *n* = 5.](cb-2014-000532_0005){#fig3}

We next examined the levels of pTyr and pThr in the Δ*serB* strain. While the Δ*serB* background stabilized pSer levels, free pThr levels were not protected in LPM and suggested that another phosphatase scavenges pThr in low phosphate conditions (Figure [3](#fig3){ref-type="fig"}a). Supplementing LPM with pThr stabilized free pThr in the cell but with an accompanying 10-fold increase in Thr levels. Furthermore, this provides evidence for a pSer-sparing pThr phosphatase activity in the Δ*serB* cells (Figure [3](#fig3){ref-type="fig"}b). We conducted a similar set of experiments in a Δ*phnE1* background and saw a dramatic reduction of Ser and Thr levels in cells grown in LPM+pThr or pSer compared with WT cells ([Supplementary Figure 3](#notes-2){ref-type="notes"}). This observation is again consistent with a typical PHO regulon response which includes the induction of transport pathways (that require *phnE*) to bring phosphate-containing molecules into the cell. Interestingly, *serB* disruption also had no effect on the striking pTyr turnover in LB but produced 10-fold more intracellular pTyr in LPM supplemented with pTyr (Figure [2](#fig2){ref-type="fig"}b). These results suggest the pTyr- and pSer-sparing effects of the *serB* deletion are connected in low phosphate conditions but suggest a more complicated relationship between the three phosphorylated amino acids in LPM vs LB. Taken together, our data showed that genetic lesions in amino acid metabolism combined with supplementation can be used to elevate the levels of three different phosphorylated amino acids in *E. coli*.

Removing *serB* had the greatest pSer-sparing effect in the cell; however, a shift to LPM clearly elevated additional native pSer/pThr phosphatase pathways and suggested it might be possible to further elevate pSer levels by deleting nonessential phosphatase enzymes. We observed an increase in Ser levels in LPM media in both WT and *serB*-deficient backgrounds, which suggested that LPM was stimulating serine biosynthesis (Figure [4](#fig4){ref-type="fig"}a). Since free Ser is a direct inhibitor of *serA*, which is upstream of *serC*-dependent pSer formation, we added Ser to LPM and examined the effect on steady-state pSer levels in the cell. LPM+Ser reduced the pSer levels, while pSer supplementation had little effect (Figure [4](#fig4){ref-type="fig"}a). Interestingly, LPM+Ser+pSer drove pSer levels down even further. The mechanism behind the additive effect of pSer and Ser on the serine biosynthesis pathway is unknown, but the *serB* deficient background suggests cooperativity between *serA* and *serC* in this scenario and points to a possible negative feedback contribution of pSer in this pathway.

![Dynamic levels of pSer in the cell and in protein synthesis. (A) pSer and Ser levels in K12 BW25113 WT extracts and the corresponding Δ*serB* strain grown in LPM, LB and HPM media supplemented with pSer and pThr and [l]{.smallcaps}-Ser. (B) Western blot analysis of E17TAG-GFP (GFP) expressed in EcAR7(Δ*serB*) with the indicated media conditions. Coomassie brilliant blue (CBB) gels are shown as a loading control and for normalizing expression ratios. Expression ratios were calculated for E17TAG-GFP expression in LPM and HPM without supplementation of phosphoamino acids and plotted as a percentage of LB expression. Error bars were calculated using the 95% confidence interval with *n* = 3.](cb-2014-000532_0006){#fig4}

Since the LPM conditions stimulate phosphate scavenging pathways *via* the PHO regulon, we added phosphate to create a high phosphate minimal media (HPM). The HPM conditions increased the free levels of pSer compared to LPM and were more stabilizing than adding pSer to LPM (Figure [4](#fig4){ref-type="fig"}a and [Supplementary Figure 4](#notes-2){ref-type="notes"}). Since our previous experiments suggested that pSer/pThr phosphatase pathways were still active in the Δ*serB* cells, we added pThr to both LPM and HPM. pThr in LPM had a similar pSer-sparing effect as HPM, while HPM+pThr had a striking additive effect and pushed pSer levels to the highest measured for any amino acid in the entire study. Although pThr contribution is unclear, the addition of pThr appears to drive down [l]{.smallcaps}-Ser levels by an unknown mechanism and thus, indirectly, to accelerate the serine biosynthesis pathway (Figure [4](#fig4){ref-type="fig"}a). Finally, we tested the effect of elevated free pSer on protein synthesis. We used an established system in which pSer is incorporated into position 17 of GFP (GFP-E17TAG) and GFP synthesis is dependent on robust insertion of pSer *via* our pSer OTS.^[@ref4],[@ref5]^ Western blots of pSer-dependent GFP-E17TAG synthesis showed a 50% increase in GFP synthesis in HPM conditions, regardless of pSer or pThr supplementation (Figure [4](#fig4){ref-type="fig"}b). This provides direct evidence that the conditions identified in this study elevate the levels of endogenous phosphorylated amino acids to ranges that improve pSer incorporation into recombinant proteins.

Nature has evolved complex networks of posttranslational modification to ensure accurate and stoichiometric phosphorylation of proteins *in vivo*. The majority of these networks are not characterized in sufficient detail to provide the information needed to accurately synthesize phosphoproteins for biochemical analysis. Furthermore, reconstituting these complex pathways might not be possible for the production of recombinant phosphoproteins in *E. coli*. To solve this problem we added phosphoserine to the genetic code of *E. coli* to enable the *de novo* synthesis of important phosphoserine-containing proteins.^[@ref4],[@ref5]^ This system required adequate intracellular phosphoserine concentrations to support protein synthesis, yet the concentrations of free phosphorylated amino acids in *E. coli* was not known. Of primary importance, we address that pSer, pThr, and pTyr levels can be measured and altered by manipulating metabolic pathways genetically and through media conditions. Our results suggest insufficient pSer concentrations in *E. coli* was a limiting factor in recombinant phosphoprotein synthesis and increasing intracellular pSer concentration appears to increase the yield of recombinant phosphoproteins. Furthermore, by understanding the underlying principles for phosphoserine levels in the cell, we may gain important insight into controlling other phosphorylated amino acids in *E. coli* for future development of orthogonal pThr and pTyr incorporation systems. It is important to note that although increasing pSer might aid in pSer incorporation efficiency, each modification in the media and genome can have opposite effects on the health of cells. This might explain why HPM+pThr did not result in the highest yield of protein although it had the greatest proportion of pSer (Figure [4](#fig4){ref-type="fig"}b). Thus, there is a balance between both ensuring pSer levels sufficient for protein synthesis while optimizing cell fitness in order to yield the greatest amount of phosphoprotein.

We developed an assay to quantitate phosphorylated amino acids with LC--MS/MS and subsequently discovered conditions by which pSer, pThr, and pTyr could be added to the natural pool of amino acids in *E. coli* (Figure [5](#fig5){ref-type="fig"}). We found that pThr is naturally present in *E. coli* and that pSer and pTyr can be imported into the cell *via* known pathways (Figure [5](#fig5){ref-type="fig"}). We also confirmed that deletion of the phosphoserine phosphatase *serB* increased intracellular pSer concentration as predicted.^[@ref4]^ Surprisingly, *serB* deletion further stabilized the levels of pTyr in the cell while having only a modest effect on pThr. LPM induces the PHO regulon,^[@ref20]^ which stimulates the uptake of pSer, pTyr, and pThr (Figure [2](#fig2){ref-type="fig"}, Figure [3](#fig3){ref-type="fig"}, and [Supplementary Figure 4](#notes-2){ref-type="notes"}). Cells harboring a *serB* deletion and cultured separately in pSer-, pTyr-, and pThr-supplemented LPM bring the phosphorylated amino acids within a suitable range for protein synthesis. This was demonstrated by testing HPM that enhanced pSer levels in the cell and enhanced phosphoprotein synthesis (Figure [4](#fig4){ref-type="fig"}). While a *serB* deletion strain cultured in LB supplemented with 5 mM pTyr elevated all three phosphorylated amino acids in the same cell, we found optimal conditions that enhanced each phosphoamino acid separately (summarized in Figure [5](#fig5){ref-type="fig"} and [Supplementary Table 5](#notes-2){ref-type="notes"}).

![A model for steady-state pSer, pThr, and pTyr levels in WT vs Δ*serB E. coli* strains. A WT cell (left) contains low levels of phosphothreonine (pT), and the serine biosynthetic pathway (SerA, SerC, SerB) catabolizes phosphoserine (pS). Low phosphate conditions (middle) induces the PHO regulon and phosphate uptake machinery. In the absence of SerB, pS accumulates and extracellular pS, phosphothreonine (pT); phosphotyrosine (pY) can elevate intracellular pT/pY levels. In this study, we show that pY is imported by additional unknown transport pathways and various media conditions can support intracellular pS/pT/pY levels on par with standard amino acids (20 aa, represented by circle size). High phosphate minimal media (right) suppresses PHO regulon phosphatase activities and, in the absence of SerB, can result in pS levels 10-fold higher than the standard 20 aa. Abbreviations: [d]{.smallcaps}-glyceraldehyde 3-phosphate (pG); 3-phosphohydroxypyruvate (pHP); serine (S); threonine (T); inorganic phosphate (Pi); Organophosphate transporter (phnD,phnE1,phnC).](cb-2014-000532_0007){#fig5}

We investigated the natural pool of amino acids to find preexisting pSer, pThr, pTyr or ways to naturally stabilize these amino acids by modulating known metabolic pathways. We focused on these three amino acids because of their pivotal role in signal transduction, regulation of biological systems, and the need to decipher their function. Incorporation of pSer into the genetic code was enabled by the discovery of a natural system for charging pSer onto tRNA.^[@ref21]^ Subsequent engineering efforts then provided a system for incorporation of pSer at amber (UAG) codons.^[@ref4]^ Furthermore, we and others have shown that the amber stop codon can be reassigned from a stop to a sense codon by eliminating release factor 1 from *E. coli*.^[@ref5],[@ref22]−[@ref26]^ We therefore had all of the requirements for a UAG codon dedicated for pSer, except for a clear understanding of the levels of pSer in the cell. We reasoned that *serB* would degrade free pSer and thus be refractory to pSer incorporation into polypeptides. Indeed, this idea was upheld, and in this study we showed that *serB* was the key factor in elevating pSer levels for protein synthesis. Since most of the components have been worked out for pSer, future studies will focus on engineering orthogonal translation systems for pThr and pTyr. Importantly, while more work needs to be done to add combinations of NSAA into proteins, we have demonstrated, in principle, that all three phosphorylated NSAA can be present in the same cell and could theoretically be added to the same polypeptide (see [Supplementary Table 5](#notes-2){ref-type="notes"}).

*E. coli* encodes a complex protein network to ensure phosphate (P~i~) is provided to the intracellular environment and made available for vital processes.^[@ref20]^ Phosphorylated amino acids and a myriad of other organophosphates can enter the cell during low P~i~ conditions *via* the well characterized PHO regulon. The preferred phosphate source is P~i~, which enters the cell *via* either low or high affinity phosphate transporters. Alternatively, organophosphates or phosphonates can be utilized by the cell, and many of the components of their uptake have been described.^[@ref20]^ We hypothesized that low phosphate concentrations in the media could increase the uptake of phosphorylated amino acids and could divert or inhibit their subsequent breakdown into P~i~ to further stabilize the levels of the phosphorylated amino acid (Figure [5](#fig5){ref-type="fig"}). This general hypothesis was confirmed for pSer (Figure [3](#fig3){ref-type="fig"}). We confirmed that known organophosphate uptake pathways played a role by using *phnE1* deletion strains ([Supplementary Figure 3](#notes-2){ref-type="notes"}). This protein comprises the main conduit for organophosphate transport into the cytoplasm^[@ref18]−[@ref20]^ (Figure [5](#fig5){ref-type="fig"}). However, the pathways for pThr and pTyr, once inside the cell, are not well understood. While we were able to elevate intracellular concentrations of pTyr and pThr, there was clear evidence of increased phosphatase activity directed at these two amino acids. Interestingly, this background phosphatase activity was evident even under pSer-sparing conditions (Figure [3](#fig3){ref-type="fig"}b). Oddly, there was clearly an enhanced pTyr turnover in rich media where the actions of the PHO regulon could not easily be explained (Figure [3](#fig3){ref-type="fig"}b). This evidence suggests that other phosphatases might be targeted in future studies which may further stabilize pTyr and pThr levels for expanding the genetic code.

Genetic code expansion and engineering has been explored for its potential to introduce NSAA into proteins for industrial and medical applications. These efforts have mostly focused on the orthogonal pairs of aminoacyl-tRNA synthetases (aaRS) and tRNAs, and less effort has been devoted to establishing intracellular amino acid pools necessary for stoichiometric incorporation of NSAA into proteins. Indeed, if the NSAA is not freely available at concentrations needed for translation, engineering and laboratory evolution experiments could fail to produce orthogonal translations systems that would be comparable to their natural counterparts.^[@ref27],[@ref28]^ The uptake of NSAA into the cell has been appreciated and studied far longer than engineering of orthogonal aaRS and tRNA pairs.^[@ref8]^ The described LC--MS/MS method has broad applicability for quantitative measurement of NSAA levels in the intracellular pool and will be a useful tool to optimize intracellular NSAA concentrations that support efficient NSAA protein production. Here we leveraged this approach to improve our system for genetically encoded pSer and opened up a new pathway to adding pThr and pTyr to the genetic code.

Methods {#sec3}
=======

Amino Acid Standards {#sec3.1}
--------------------

Standards of free amino acids were prepared by weight in HPLC grade water as follows: 10 mM *O*-phospho-[l]{.smallcaps}-tyrosine (Sigma P9405), 10 mM *O*-phospho-[l]{.smallcaps}-threonine (Sigma P1053), 10 mM *O*-phospho-[l]{.smallcaps}-serine (Sigma P0878), 10 mM [l]{.smallcaps}-lysine (Sigma L5626), 10 mM [l]{.smallcaps}-arginine (Sigma A-5131), 10 mM [l]{.smallcaps}-histidine (Sigma H8000), and 10 mM [l]{.smallcaps}-phenylalanine (Sigma P-2126) all prepared at 10 mM, 20 mM threonine (Sigma-Aldrich 89179), 20 mM serine (Sigma-Aldrich S4500), and 2 mM tyrosine (Sigma-Aldrich 93829). A combination of these amino acid stocks was prepared at 1 mM. All standards were filtered (0.22 μm, Millipore) and stored at −80 °C.

Strains and Culture Conditions {#sec3.2}
------------------------------

The *E. coli* strains MG1655, BW25113, Δ*serB(*Keio Collection JW4351), Δ*phnE1(*Keio Collection JW4064), and EcAR7^[@ref5]^ were used in this study. Twenty-milliliter cultures were grown for 18 h at 37 °C in the appropriate media, and OD~600~ values were recorded for normalization. LB media contained 5 g/L NaCl (American Bioanalytical NaCl AB01915), 5 g/L yeast extract (BD Bacto Yeast Extract REF212750), and 10 g/L of tryptone (BD Bacto tryptone REF211705). Low Phosphate Minimal Media (LPM) media was made with 200 mL of 5x LPM salts (2.5 g NaCl \[43 mM\], 5 g NH~4~Cl \[94 mM\], 0.07 g KH~2~PO~4~ \[0.5 mM\], 0.015g CaCl~2~ \[0.14 mM\], and 60 g 2-amino-2-(hydroxymethyl)-1,3-propanediol (Tris) \[500 mM\] adjusted to pH 7.0 with conc HCl (J.T. Baker), 1 mL of 1 M MgSO~4~, 4 mL of 50% [d]{.smallcaps}-glucose, 88 mL of 2 mM [l]{.smallcaps}-tyrosine (Sigma-Aldrich 93829), 38 mL of 30 mM [l]{.smallcaps}-aspartic acid (Sigma-Aldrich A9256), 17 mL of 30 mM [l]{.smallcaps}-glutamic acid (Sigma-Aldrich G1251) and 10 mL of 20% pure amino acid mix \[50 mL water, 0.44 g [l]{.smallcaps}-alanine (Sigma-Aldrich A7627), 0.21 g [l]{.smallcaps}-arginine (Sigma-Aldrich A5131), 0.06 g [l]{.smallcaps}-cysteine (Sigma-Aldrich C7880), 0.11 g [l]{.smallcaps}-glycine (American Bioanalytical AB00730), 0.11 g [l]{.smallcaps}-histidine (Sigma-Aldrich H8000), 0.27 g [l]{.smallcaps}-isoleucine (Sigma-Aldrich I2752), 0.46 g [l]{.smallcaps}-leucine (Sigma-Aldrich L8000), 0.57 g [l]{.smallcaps}-lysine (Sigma-Aldrich L5626), 0.12 g [l]{.smallcaps}-methionine (Sigma-Aldrich M9625), 0.19 g [l]{.smallcaps}-phenylalanine (Sigma-Aldrich P2126), 0.57 g [l]{.smallcaps}-proline (Sigma-Aldrich P-0380), 0.21 g [l]{.smallcaps}-serine (Sigma-Aldrich S4500), 0.05 g [l]{.smallcaps}-threonine (Sigma-Aldrich 89179), 0.34 g [l]{.smallcaps}-valine (Sigma-Aldrich V0500)\] was added. Finally, the volume was adjusted with DI water to 1000 mL. Amino acid concentrations were based on standard casein preparation. Additional amino acids were added at the concentrations indicated. High Phosphate Minimal Media (HPM) was formulated as the LPM media with 5x M9 salt (56.4 g/L BD Difco M9 salts REF 248510), 28 μL/L of 1 M CaCl~2~, 1 mL/L of 1 M MgSO~4~, 4 mL/L of 50% [d]{.smallcaps}-glucose, 88 mL of 2 mM [l]{.smallcaps}-tyrosine, 38 mL of 30 mM [l]{.smallcaps}-aspartic acid, 17 mL of 30 mM [l]{.smallcaps}-glutamic acid, and 10 mL/L of 20% pure amino acid mix.

Protein Expression {#sec3.3}
------------------

The *E. coli* strain EcAR7 was transformed with a plasmid bearing a GFP variant with an amber STOP codon at position 17 (E17TAG-GFP) and an all-in-one OTS plasmid to enable cotranslational insertion of phosphoserine.^[@ref4],[@ref5]^ The all-in-one OTS plasmid was created with pSepT and pKD-SepRS-EFSep plasmids.^[@ref4]^ The 250 bp tRNA^Sep^ cassette was PCR amplified from the pSepT plasmid using primers tRNA^Sep^ −F (5′-ACC GCG GCC GCA AAA AAA ATC cttagctttcg-3′) and tRNA^Sep^ −R (5′-AAA GCG GCC GCG CTT CTT TG agcgaac-3′). The PCR primers added NotI restriction sites to each end of the PCR product. The pKD-SepRS-EFSep plasmid was linearly digested with NotI, and two copies of the tRNA^Sep^ cassette were ligated sequentially. Phosphoserine insertion at position 17 in GFP was confirmed with mass spectrometry as previously described.^[@ref5]^ The transformed EcAR7 precultures were grown at 30 °C overnight in LB media (pH 7.5), with 0.08% glucose and 25 μg/mL of both zeocin and kanamycin, to retain the E17TAG-GFP and all-in-one OTS plasmid; respectively. The preculture was pelleted (1000*g* for 7 min) and resuspended in LPM (with antibiotics) in a 20:1 ratio. The resuspended cells were inoculated into each of the following media conditions containing the appropriate antibiotics in duplicate: LB, LPM, HPM, LB+5 mM pSer, LPM+5 mM pSer, HPM+5 mM pSer, LB+5 mM pThr, LPM+pThr, and HPM+pThr. The cultures were grown at 30 °C, 230 rpm for 24 h. The cultures were further diluted 1:2 in the corresponding growth media with antibiotics and the addition of 1 mM IPTG, and 100 ng/mL anhydrotetracycline to induce the SepRS, EFSep, and E17TAG-GFP. Protein was overexpressed at 30 °C, 230 rpm for 6 h. After expression, OD~600~ values were obtained for each culture and the amount of cells harvested was normalized on the basis of optical density. The normalized cell pellets from each condition were resuspended in lysis buffer (50 mM Tris/HCl pH 7.5, 150 mM NaCl, 5% glycerol, 0.5x BugBuster, 1 mM DTT, protease inhibitors (Roche), 25 U/mL benzonase, 50 mM NaF, 1 mM Na~3~VO~4~) and incubated at RT for 15 min. The total lysates were diluted with 2x Laemmli sample buffer, boiled at 95 °C for 5 min, and centrifuged to remove insoluble debris. The samples were analyzed with both SDS--PAGE electrophoresis followed by staining with Coomassie brilliant blue (CBB) and parallel Western blot analysis. Western blot analysis was performed with mouse monoclonal anti-GFP (Invitrogen no. 332600) and imaged with an HRP secondary antibody *via* chemiluminescence on a ChemiDoc system (BioRad). Quantitation was performed with BioRad software, and GFP signals were normalized to reference Coomassie-stained proteins. Data from biological triplicates were exported to Microsoft Excel for generation of the graphs. Error bars were constructed using the 95% confidence interval.

Amino Acid Extraction {#sec3.4}
---------------------

*E. coli* were grown overnight in 20-mL cultures, and cells were harvested by centrifugation for 10 min at 4,000*g* at 4 °C. The cell pellets were transferred into a 1.5-mL PCR tube and washed three times with 1 mL of ice cold 1x LPM salt solution. The cell pellets were then lysed in 1 mL of 1 M HCl^[@ref17],[@ref29]^ and centrifuged for 20 min at 19,000*g* at RT. The resulting clear amino acid extract was transferred into a new 1.5-mL Eppendorf tube and dried in a rotary vacuum centrifuge operated at 2500*g* for 3 h at 55 °C and an additional 90 min at 30 °C. The dried pellets were frozen at −80 °C until use. The dry pellet was reconstituted in 300 μL of water, and lipids were removed by serial liquid--liquid extraction with 500 and 300 μL of chloroform, respectively. Extractions were performed by vortex (30 s), and phase separation was facilitated by centrifugation for 30s at 13000*g*. The upper aqueous layer containing the amino acids was collected. The two chloroform phases were extracted once more with 300 μL of water. The combined amino acid extracts were clarified through a 0.22 μm pore size Durapure PDVF centrifugal filter (2 min at 12,000*g* at 4 °C), and the filter was washed 1x with 100 μL of water. The combined aqueous phases were dried in a rotary vacuum centrifuge with the following program: 80 min at 2,500*g* and 65 °C and then 80 min at 55 °C. The dried pellet was stored at −80 °C until use.

LC--MS {#sec3.5}
------

Frozen pellets were thawed on ice, dissolved by vortex in 50 μL of HPLC grade water, and then centrifuged for 3 min at 17,500*g* at RT. The clarified solution was diluted for LC--MS/MS according to the OD~600~ of the cell culture. As an example 8.4 μL extract of a OD 1.00 culture was mixed with 21.6 μL eluent A (see below). Deactivated glass inserts (Agilent no. 5182-0720) were found critical for the performance of the method as polypropylene vials resulted in significant analyte loss (data not shown). Calibration curves were obtained by dilution of the 1 mM amino acid master mix in eluent A. LC--MS/MS was performed on an Agilent 6490 triple quadrupole instrument equipped with a JetStream ion source operated at 350 °C and 2500 V spray voltage. Transitions for quantitation of amino acids were obtained by direct infusion of amino acid standards prepared at 2--30 pmol/μL in HPLC eluent B (see below). The flow rate was 200 μL/min, and collision energies for up to 6 transitions were obtained using the optimizer software package provided with the instrument. Reversed phase HPLC was performed on a Agilent 1260 system equipped with a temperature-controlled autosampler operated at 4 °C. The column was an Acuity UPLC BEH C~18~ 2.1 × 50 mm (Waters, Millford MA) that was packed with 1.7 μm C~18~ particles. Chromatography was performed at RT with a flow rate of 0.2 mL/min unless noted otherwise. The injection volume was 3 μL for all experiments. Eluent A consisted of 0.5% acetonitrile (ACN) containing 0.1% formic acid and 0.1% perfluorooctanoic acid (PFOA), and eluent B was 90% ACN with 0.1% formic acid and 0.1% PFOA. Gradient conditions were optimized by injecting an amino acids standard mix prepared at 30 pmol/μL into eluent A. This resulted in the following optimized linear gradient: 0--2 min, 0% B; 3 min, 30% B; 15 min, 62% B; 15.5 min, 100% B (0.3 mL/min); 21.5 min, 100% B (0.35 mL/min); 22.5 min, 0% B; and 30 min, 0% B. The final dynamic MRM method had a cycle time of 800 ms. Details of this method can be found in the supplemental material ([Supplementary Table 4](#notes-2){ref-type="notes"}). Standards for obtaining the calibration curve were analyzed in triplicate. Samples were analyzed in a randomized fashion, and blanks and quality control standards were run after sets of no more than 10 samples. Between 3 and 5 biological replicates were analyzed for each experimental condition tested.

Data Processing and Statistical Analysis {#sec3.6}
----------------------------------------

Quantitation of MRM data was performed with Agilent MassHunter Software v. 5.00 considering 1 quantifier and up to 3 qualifier ions for each analyte. Peaks below the limit of quantitation (signal-to-noise ratios \<9:1) were excluded from the analysis. The ratio between quantifier and qualifier transitions had to be within 20% of the ratio obtained from the analysis of a corresponding pure amino acid standard. Automated peak integration was manually checked and if necessary adjusted to ensure consistent peak integration. Finally, data were exported to Microsoft Excel for generation of the graphs. Error bars were constructed using the 95% confidence interval.

Additional figures and tables as described in the text. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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